We experimentally demonstrate the non-monotonic dependence of genuine many-particle interference signals on the particles' mutual distinguishability. Our theoretical analysis shows that such non-monotonicity is a generic feature of the quantum to classical transition in multiparticle correlation functions of more than two particles.
INTRODUCTION
A quintessential ingredient of quantum physics is the superposition principle. It becomes manifest in the (self-) interference of single particles, as observed for systems ranging from photons 1 to fullerene molecules. 2 These phenomena rely on the coherence of the single-particle wave-function, which guaranties that the different pathways a single particle can take to a detector -e.g. through the left or through the right slit in a double-slit experiment -remain indistinguishable.
Interaction with the environment, however, may convey which-path information to the environment, and then inevitably leads to decoherence.
3 Thereby, it jeopardizes the ideal interference pattern and induces the quantumto-classical transition:
4 probabilities instead of amplitudes need to be summed to obtain event probabilities. The stronger the decoherence, the weaker is the interference signal.
5 Expectation values of observables therefore depend monotonically on the strength of decoherence, and a monotonic transition between quantum and classical expectation values takes place.
The superposition principle also applies to many-particle wave-functions, with entanglement 6 and manyparticle interference 7 as immediate consequences. For the observation of the latter, the particles' mutual indistinguishability is necessary. Given that, one observes, e.g., the Hong-Ou-Mandel (HOM) effect: 8, 9 When a single photon is incident on each of the two input modes of a balanced beam splitter (BS), the two-particle Feynman-paths of "both photons reflected" and "both photons transmitted" interfere destructively, leading to the strict suppression of the event with one particle per output mode.
Much as in the case of single-particle interference discussed above, the transition between distinguishable and indistinguishable particles is monotonic also in the HOM setting: the interference-induced suppression of the balanced output event fades away monotonically with increasing particle distinguishability, 8, 10 since particle-distinguishability is tantamount of the distinguishability of many-particle paths. Therefore, conveying information on the interfering particles' identity provides which-path information in the space of many-particle paths. Monotonic distinguishability-dependence of bunching events (where all particles are detected in one output mode) was also observed for four 11 and six 12 photons, while events other than bunching were not considered yet for more than two photons. In our present contribution, we focus on many-particle interference effects in multi-port output events distinct from bunching. In contrast to the hitherto established scenario sketched above, we will see that the distinguishibility-induced suppression of multi-particle interference signals is, in general, a non-monotonic function of the particles' distinguishability, provided that more than two particles are brought to interference. 13 This is explained by a hierarchy of different orders of many-particle interferences which dominate the total interference signal at different stages of the distinguishability transition. Only when reduced indistinguishability defines two unambiguous alternatives does one enter the monotonic realm of the quantum to classical transition.
THEORY
We establish our claims by considering photons that impinge on the input modes of a balanced (50:50) BS, as sketched in Fig. 1(a) . The path delay x controls the (in-)distinguishability between photons injected into the modes a and b by controlling their arrival times at the BS. A photon with arrival time t i is described as
where ω 0 is the central frequency, ∆ω is the frequency width, and A † ω creates a photon of frequency ω. The distinguishability of two photons with different arrival times t 1 and t 2 is quantified by
with α = 1 t1 |1 t2 . The photons are strictly indistinguishable for |α| 2 = 1, and fully distinguishable for |α| 2 = 0.
Consequently, the t 2 photon can be decomposed -with respect to its support on the time axis -by orthogonal projection onto one strictly indistinguishable component α|1 t1 , and onto one (orthogonal) fully distinguishable component
A two-photon state with one photon in each input modes, with arrival times t 1 and t 2 , respectively, thus reads
after substitution of the specific input modes a, b for A, and omitting the subscript t 1 for simpler notation. Herein, the components |1, 1 ab and |1, 1 ab are orthogonal, with strictly indistinguishable particles in |1, 1 ab , and fully distinguishable particles in |1, 1 ab . The continuous parametrization of the distinguishability transition by x is now replaced by continuous parametrization by |α| 2 ∈ [0; 1]. Only the indistinguishable component in (3) defines indistinguishable two-particle paths which can interfere, and the resulting interference signal therefore fades away monotonically with decreasing |α| 2 . Something qualitatively new happens when more than one particle is injected in each input mode: The orthogonal decomposition analogous to (3) gives rise to cross terms between the distinguishable and indistinguishable components. Specifically, for two photons injected into each mode, we obtain
with the cross term ∝ |2, 1 1 ab mutually orthogonal to |2, 2 ab and |2, 2 ab . In precise analogy to the HOM scenario, the |2, 2 ab component defines indistinguishable four-particle paths that give rise to an interference signal with amplitude α 2 , fading away with increasing amplitude (1 − α 2 ) of the (distinguishable) |2, 2 ab component. In contrast, the novel term ∝ |2, 1 1 ab represents relative timing such that one of the two particles in mode b is strictly indistinguishable from those in mode a, while the other one is fully distinguishable. Therefore, this term gives rise to a three-particle interference signal through coherent superposition of indistinguishable three-particle paths, with amplitude
In general, the probability to detect m particles in output mode c and n particles in output mode d, with a total given number of particles N = m + n, is given by
where we need to sum over the various distinguishibility types of the contributions as they emerge in Eqs. are determined by the geometry of the experimental setup, computed by mapping input on output modes via
and listed in Table 1 for the events (1,1) and (2,0) (for N = 2), and (2,2) and (4,0) (for N = 4). The weights W
type (x) in (5) are simply given by squaring the amplitudes of the respective components in the orthogonal decomposition (3) and (4), respectively, where we denote the cross term ∝ |2, 1 1 ab by the label "inter". Their functional dependence on x (derived from their dependence on α via (2)) is shown in Fig. 2 : while the weight of all particles being either strictly indistinguishable, W inter (x) representing cross terms between distinguishable and indistinguishable components exhibits a non-monotonic x-dependence! Consequently, in a four-particle-experiment, three-particle interference contributions kick in while four-particle interference fades away, within a certain range of x. For the event (2,2), we expect a non-monotonic interference signal, since it is more strongly suppressed for the intermediate case than for strictly indistinguishable or fully distinguishable particles, as expressed by the relation p Table 1 .
EXPERIMENT
We verify this prediction of a non-monotonic behavior with an experimental implementation of the setup shown in Fig. 1(a) for two and four particles. Single-photon or two-photon Fock-states are injected into each input mode 
inter contributes non-monotonically to the event probability, and induces the non-monotonic behavior observed in Fig. 3(c) .
(a,b), and the particle distributions at the output modes c and d of the 50:50 BS are measured while changing the path delay x of the mode b. The single-and two-photon Fock states are generated via the non-collinear frequencydegenerate spontaneous parametric down-conversion (SPDC) process at a 2 mm-thick β-barium-borate (BBO) crystal pumped by a femtosecond laser pulse (central wavelength: 390 nm, average power: 120 mW) which is focused onto the BBO by a lens of 300 mm focal length. The generated photons are centered at 780 nm and filtered by interference filters of 4 nm full width at half maximum (FWHM). The photons are coupled into two single-mode fibers located at a distance of 430 mm from the BBO, where each fiber corresponds to an input mode (a, b). Two-fold counts by simultaneous single-photon detection between the two fibers were recorded at a rate of 13 kHz, by combination of single-photon counting modules (SPCMs, Perkin-Elmer SPCM-AQ4C) and a coincidence circuit with 8 ns coincidence window. At the fibers' output, half-wave plates and quarter-wave plates adjust the photons' polarizations, and a motorized stage connected to the fiber tip at the mode b changes x. The quantum state of the input modes is proportional to ∞ j=0 η j |j, j a,b , where |η| 2 is the probability for photon pair generation, and coincidence detection of two or four photons in the output modes projects the generated state onto the initial state |1, 1 ab or |2, 2 ab , respectively. The photon distribution at the output modes is measured by combining 50:50 fiber beam splitters (FBSs, 2×2 single mode coupler) and SPCMs, as depicted in Fig. 1(b) , such that m and n particles in the first and second output mode, respectively, are detected simultaneously, to define a (m, n)-event. The coherence length of the photons, l c =134 µm, defines the length scale over which the transition between strictly distinguishable particles (α = 0, x l c ) and indistinguishable particles (α ≈ 1, x l c ), occurs.
In a first step, we study the effect of the distinguishability transition of two photons. While changing x, we measured the probabilities of the two-photon events (1,1) and (2,0). The resulting data in Fig. 3(a) show typical two-photon HOM-type interferences. 8, 15 As expected, 8 the event probabilities are complementary and depend monotonically on the photons' distinguishability. Next, the four-photon events, (4,0) and (2, 2) , are recorded, and we monitor the resulting four-photon distinguishability transition. A clear enhancement of (4,0)-events for indistinguishable particles is observed in Fig. 3(b) and, indeed, this enhancement fades away monotonically as the particles are tuned to become distinguishable by increasing x. The event (2,2), however, in Fig. 3(c) , exhibits minima symmetrically displaced from the origin x = 0, and the distinguishability transition is not any longer unambiguously reflected by a monotonic x-dependence of the many-particle interference signal.
RESULTS AND DISCUSSIONS
In Fig. 3 , we compare all recorded data with the event probabilities given by Eq. (5), using the W (2/4) type (x) in Fig. 2 , together with the detection probabilities from Table 1 . The theoretical prediction fits the experimental data perfectly well, without adjustable parameters besides the overall count rate. Note that bunching signals, as the (4, 0) event observed here, always exhibit a monotonic transition, as a consequence of the bosonic enhancement 16 of the associated, unique many-particle path, which induces the strict hierarchy p Table 1 . We stress that the encountered non-monotonicity is not the effect of alternate two-photon interference contributions that kick in for different values of x, 10, 17 but they present a consequence of the changing weights of several superposed many-photon interference contributions and constitute an effect exclusive to setups with four or more particles that interfere simultaneously.
In general, for N/2 particles per input mode there are N/2 − 1 cross terms of distinguishable and indistinguishable components (represented by the term ∝ W (N ) inter (x) in (5)), which all depend non-monotonically on x, and this non-monotonicity is generically inherited by the derived event probabilities P (N ;m,n) (x) (provided that it not be counterbalanced by the actual values of the detection probabilities p (N ;m,n)
indis/inter/dist ). Fig. 4 shows an example for N = 6. Let us finally discuss how this generic non-monotonicity of many-particle interference signals in correlation functions such as P (N ;m,n) (x) with respect to x matches our intuition of the monotonicity of the quantum to classical transition under decoherence: To begin with, the latter is generally observed in the interference of indistinguishable single-particle paths at one detector, while genuine many-particle interference manifests in multiparticle correlation functions not accessible in single-particle experiments. On that level, the distinguishability transition -possibly caused by environment interaction, i.e. coupling to additional degrees of freedom -reduces the order of many-particle interferences, e.g. from six-to five-and four-particle, or from four-to three-particle interference, in the examples considered in Figs. 2-4 . As a consequence of the non-monotonic dependence of the different orders of the many-particle interference contributions on the particles' mutual distinguishability, the transition from fully multi-particle multi-path to single-particle coherence is, in general, non-monotonic and, yet, fully consistent with our understanding of single particle decoherence and the quantum to classical transition. However, we speculate that different types of system-environment interaction (e.g. two vs. three-or many-particle interactions 18 ) may allow to distinguish different orders of many-particle Figure 4 . (a) Event probabilities P (N ;m,n) (x), for N = m + n = 6, and m = 3, . . . , 6, for each three photons injected into modes a and b (see Fig. 1(a) ). (b) shows the associated weights of strictly indistinguishable, partially and fully distinguishable contributions W (N ) indis/inter/dist , with a notation strictly analogous to that introduced in (4). Much as in Fig. 2(b) , the partially distinguishable contributions' weights are non-monotonic in x.
interference, and that, reciprocally, the dependence of the various interference terms in (5) on the environment coupling parameters may serve as an analytic tool to distinguish distinct environment coupling mechanisms.
CONCLUSION
In conclusion, we studied theoretically and experimentally the transition between classical and quantum manyparticle behavior, and we encountered a generic non-monotonic dependence of the event probabilities. Such structured many-particle quantum-to-classical transition constitutes the general rule, whereas the monotonicity found in the two-particle case and for bunching events can be considered a rather secluded exception. 
